The tight junctions of bile duct epithelium form a barrier between the toxic bile and liver parenchyma. Disruption of tight junctions appears to have a crucial role in the pathogenesis of various liver diseases. In this study, we investigated the disruptive effect of hydrogen peroxide and the protective effect of epidermal growth factor (EGF) on the tight junctions and adherens junctions in the bile duct epithelium. Oxidative stress in NRC-1 and Mz-ChA-1 cell monolayers was induced by administration of hydrogen peroxide. Barrier function was evaluated by measuring electrical resistance and inulin permeability. Integrity of tight junctions, adherens junctions and the actin cytoskeleton was determined by imunofluorescence microscopy. Role of signaling molecules was determined by evaluating the effect of specific inhibitors. Hydrogen peroxide caused a rapid disruption of tight junctions and adherens junctions leading to barrier dysfunction without altering the cell viability. Hydrogen peroxide rapidly increased the levels of p-MLC (myosin light chain) and c-Src(pY418). ML-7 and PP2 (MLCK and Src kinase inhibitors) attenuated hydrogen peroxide-induced barrier dysfunction, tight junction disruption and reorganization of actin cytoskeleton. Pretreatment of cell monolayers with EGF ameliorated hydrogen peroxide-induced tight junction disruption and barrier dysfunction. The protective effect of EGF was abrogated by ET-18-OCH 3 and the Ro-32-0432 (PLCg and PKC inhibitors). Hydrogen peroxide increased tyrosine phosphorylation of ZO-1, claudin-3, E-cadherin and b-catenin, and pretreatment of cells with EGF attenuated tyrosine phosphorylation of these proteins. These results demonstrate that hydrogen peroxide disrupts tight junctions, adherens junctions and the actin cytoskeleton by an MLCK and Src kinase-dependent mechanism in the bile duct epithelium. EGF prevents hydrogen peroxide-induced tight junction disruption by a PLCg and PKC-dependent mechanism.
The luminal surface of intra-and extra-hepatic bile ducts is lined by a monolayer of cholangiocytes (epithelial cells). This cholangiocyte monolayer forms a barrier to the diffusion of the various injurious agents from the bile duct lumen into the hepatic parenchyma. 1 The tight junctions, a multi-protein complex, along the apical end of the cell provide the barrier function of different epithelia. Disruption of bile duct epithelial integrity is implicated in the pathogenesis of liver diseases that affect biliary tree, such as primary sclerosing cholangitis (PSC) and primary biliary cirrhosis (PBC). [2] [3] [4] [5] Disruption of tight junction integrity would allow regurgitation of bile acids or other noxious agents into the hepatic parenchyma from the bile duct lumen. 6 As of now, most of the knowledge we have on the structure and regulation of tight junctions has been adapted from what is known about the tight junctions of intestinal and renal epithelia. Very little is known about the structure and regulation of tight junctions in the bile duct epithelium.
The tight junctions are composed of many proteins, including transmembrane proteins such as occludin, claudins and junctional adhesion molecules, and intracellular scaffold proteins such as zona occludens (ZO-1, ZO-2, ZO-3). The scaffold proteins and other associated tight junction proteins interact with the perijunctional actomyosin ring. The integrity of actomyosin ring and MLCK (myosin light chain kinase) activity have a crucial role in the regulation of tight junction integrity. Additionally, numerous signaling proteins such as c-Src, phosphatidylinositol 3-kinase, ERK, PKCz, PKCZ, PP1 and PP2A directly interact with tight junction proteins, indicating their potential role in the regulation of tight junction integrity. 7 The pharmacologic and molecular evidence support the fact that tight junctions and paracellular permeability are indeed regulated by signaling molecules such as intracellular calcium, cyclic AMP, GTPase switch protein, protein kinases and protein phosphatases in the intestinal and renal epithelia. 7, 8 However, the role of such signaling mechanisms in the regulation of bile duct epithelium is poorly understood. Adherens junctions are prominent junctional complexes in the intestinal and other epithelia. E-cadherin and catenins are the predominant proteins that are involved in the assembly of adherens junctions. But, there is no much information available regarding the adherens junctions in bile duct epithelium. One study, reported nearly two decades ago, described the presence of an adherens junction-like structure in the bile duct epithelium. 9 A significant body of evidence indicates that oxidative stress has an important role in the pathogenesis of liver diseases. Compromised antioxidant defense mechanism and elevated oxidative stress was detected in the liver of patients with PSC and PBC. [10] [11] [12] Serum oxidative stress level was shown to be elevated in patients with cholecystic bile duct injury. 13 Hepatic oxidative stress was also detected in experimental cholecystic injury. [14] [15] [16] Superoxide dismutase gene therapy attenuated the experimental cholestasis-induced liver fibrosis. 17 The mechanism of oxidative stress-induced liver injury is poorly understood. Very little information is available regarding the oxidative stress effect on bile duct epithelial function. One study demonstrated that nitric oxide-mediated inhibition of DNA repair potentiates DNA damage in cholangiocytes. 18 However, there is no information available regarding the effect of hydrogen peroxide or oxidative stress on the bile duct epithelial functions.
In the present study, we investigated the effect of hydrogen peroxide-induced oxidative stress on tight junction and adherens junction integrity and the mechanism associated with it in cholangiocyte monolayers. We further evaluated the epidermal growth factor (EGF)-mediated amelioration of tight junction disruption. EGF is a well-established gastrointestinal mucosal protective factor. However, its effect on bile duct function is unknown. NRC-1 cell monolayers were mainly used for this study. The effect of hydrogen peroxide and EGF on barrier function was confirmed in Mz-ChA-1 cell monolayers.
MATERIALS AND METHODS Chemicals
Cell culture supplies were obtained from Invitrogen (San Jose, CA, USA), and Transwell inserts and other cell culture plastic wares were purchased from Costar (Cambridge, MA, USA). Rat-tail collagen (Type I), ML-7, PP2, genistein and FITC-inulin were obtained from Sigma chemical company (St Louis, MO, USA). Ro-32-0432 and ET-18-OCH 3 were purchased from EMD Biochemicals (Gibbstown, NJ, USA).
Other fine chemicals and laboratory supplies were purchased from Fisher Scientific (Tustin, CA, USA) or Sigma chemical company.
Antibodies
Mouse monoclonal anti-occludin antibody and rabbit polyclonal anti-occludin, anti-ZO-1, anti-claudin-3 and anti-bcatenin antibodies were purchased from Zymed laboratories (South San Francisco, CA, USA). Biotin-conjugated antiphospho-tyrosine (p-Tyr), anti-E-cadherin and anti-actin antibodies were purchased from BD Transduction laboratories (Lexington, KY, USA). Mouse monoclonal anti-Src, anti-p-MLC and anti-c-Src(pY418) antibodies were purchased from Upstate Biotechnology (Lake Placid, NY, USA). AlexaFlour-488-conjugated anti-mouse IgG was obtained from Molecular Probes (Eugene, OR, USA). Cy3-conjugated anti-rabbit IgG was purchased from Sigma Immunochemicals (St Louis, MO, USA).
Cell Culture
NRC-1 cells (normal rat cholangiocytes) were cultured in DMEM-F12 supplemented with 10% fetal bovine serum, vitamin mix, chemically defined lipid mix, insulin-transferrin-selenium mix, nonessential amino acids and antibiotics (penicillin and streptomycin) as described before. 5 These cells were originally derived from intra-hepatic cholangiocytes. Cells were cultured on plates or Transwell inserts (12 or 24 mm diameter) coated with rat-tail type I collagen. All experiments were performed on 5-6 days post-seeding in confluent monolayers. Mz-ChA-1 cells were grown in CMRL Medium-1066 containing 10% fetal bovine serum, L-glutamine and antibiotics (penicillin and streptomycin). Cells were passaged at 90% confluence and seeded onto Transwell inserts (12 mm) . Experiments were conducted on 4-5 days post-seeding.
Hydrogen Peroxide Treatment
Cell monolayers were preincubated in DMEM for 1 h with varying concentrations of hydrogen peroxide (100-500 mM) at both the apical and basal chambers and placed in 371C incubator. At varying times after hydrogen peroxide, the paracellular permeability was evaluated by measuring transepithelial electrical resistance (TER) and unidirectional flux of FITC-inulin. Inhibitors such as PP2 (3 mM) and ML-7 (10 mM) were administered 60 min before hydrogen peroxide administration. EGF (30 nM) was added 10 min before hydrogen peroxide. ET-18-OCH 3 (15 mM) or Ro-32-0432 (1 mM) was administered 50 min before EGF administration. Control monolayers received the inhibitor in the absence of EGF and hydrogen peroxide.
Cell Viability Assay
Cell viability was assessed by measuring lactate dehydrogenase (LDH) activity in the incubation medium 3 h after incubation with or without 500 mM hydrogen peroxide. LDH activity measured using a kit form Sigma chemical company. The metabolic activity of cells was evaluated by using WST-1 cell viability assay kit from Clontech (Mountain View, CA, USA) according to the vendor's instructions. This assay involves cleavage of stale tetrazolium salt of WST-1 to a soluble formazan, which is measured by colorimetric method. The conversion of WST-1 occurs at cell surface by metabolically active cells, largely dependent on glycolytic production of NADH. Therefore, color produced is directly proportional to the number of metabolically active cells. A loss of cell viability results in reduced rate of WST-1 conversion and low color development.
Measurement of TER TER was measured as described earlier 5 using a Millicell-ERS electrical resistance system (Millipore, Bedford, MA, USA). The TER recorded in empty Transwell inserts (usually 50-80 OhmsKcm 2 ) was subtracted from all values.
Unidirectional Flux of Inulin
Inulin permeability was measured by incubating cell monolayers in the presence of 0.5 mg/ml FITC-inulin in the apical chamber. At varying times, 100 ml aliquot of basal medium was withdrawn and fluorescence was measured in a microplate fluorescence reader (FLx-800, Bio-TEK Instruments, Winooski, VT, USA). Flux of FITC-inulin into the basal well, was calculated as the percentage of total fluorescence administered into the apical well per hour per cm 2 surface area.
Immunofluorescence Microscopy
Under various experimental conditions, cell monolayers were fixed in ice-cold acetone:methanol (1:1, v/v) for 5 min. The fixed cells were rehydrated in PBS (Dulbecco's saline containing 1.2 mM CaCl 2 and 1 mM MgCl 2 ) and permeabilized with 0.2% Triton-X100 in PBS. Cell monolayers were blocked with 4% nonfat milk in TBST (20 mM Tris, pH 8.0, containing 150 mM NaCl and 0.5% Tween 20). Cells were then stained with a mixture of mouse monoclonal anti-occludin and rabbit polyclonal anti-ZO-1 antibodies or mouse monoclonal anti-E-cadherin and rabbit polyclonal anti-bcatenin antibodies. A mixture of AlexaFlour-488-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG antibodies was used as secondary antibodies. Actin cytoskeleton was stained by incubation of paraformaldehyde-fixed cells with AlexaFluor-488-conjugated phalloidin. Cells were mounted and images were collected using a Zeiss LSM 5 PASCAL laser scanning confocal microscope and the LSM 5 PASCAL software (Release 3.2) as a series of images from 1.0 mm XY sections. Images were stacked by using the Image J software and processed by Adobe Photoshop (Adobe Systems, San Jose, CA, USA).
Analysis of Tyrosine Phosphorylated Proteins
Proteins were extracted under denatured conditions using lysis buffer D (50 mM Tris buffer, pH 8.0, containing 0.3% SDS, 2 mM vanadate, 10 mM sodium fluoride and protease inhibitors as described earlier) and heated at 1001C for 10 min. Biotin-conjugated anti-p-Tyr was used to immunoprecipitate p-Tyr. Immunocomplexes were precipitated with streptavidin-agarose and immunoblotted for different proteins as described below.
Immunoblot Analysis
Proteins were separated by SDS-PAGE and transferred to PVDF membranes. Blots were probed for occludin, ZO-1, c-Src, p-MLC, c-Src(pY418), E-cadherin, b-catenin and claudin-3. HRP-conjugated anti-mouse IgG or anti-rabbit IgG antibodies were used as secondary antibodies. The blots were developed using the enhanced chemiluminescence method (Amersham, Arlington Heights, IL, USA).
Statistics
Comparison between two groups was made by the Student's t-tests for grouped data. The significance in all tests was derived at 95% or greater confidence level.
RESULTS

Hydrogen Peroxide Induces Barrier Dysfunction in Cholangiocyte Monolayers
To determine the influence of oxidative stress on the barrier function of bile duct epithelium, NRC-1 cell monolayers were exposed to hydrogen peroxide and the barrier function was evaluated by measuring TER and inulin permeability. Hydrogen peroxide reduced TER and increased inulin permeability in a time (Figure 1a and b) and dose (Figure 1c and d)-dependent manner, indicating that hydrogen peroxide increases the paracellular permeability. To determine the effect of hydrogen peroxide on cell viability, we evaluated its effect on LDH release and cell metabolic capacity as assessed by WST-1 assay. Under our experimental conditions, hydrogen peroxide did not increase LDH release ( Figure 1e ) or decrease WST-1 activity ( Figure 1f ).
Hydrogen Peroxide Disrupts Tight Junctions and Adherens Junctions
Above data suggest that hydrogen peroxide increases paracellular permeability in NRC-1 cell monolayers without causing any loss of cell viability. Paracellular permeability in epithelial monolayers is restricted due to the presence of intact tight junctions. Although adherens junctions do not provide a physical barrier, they are known to indirectly regulate the integrity of tight junctions. Therefore, we examined the effect of hydrogen peroxide on the integrity of tight junctions and adherens junctions by immunofluorescence analysis of subcellular localization of occludin, ZO-1, E-cadherin and b-catenin. Occludin and ZO-1 were colocalized at the intercellular junctions in the control cell monolayers, indicating the presence of intact tight junctions. Hydrogen peroxide treatment induced a redistribution of occludin and ZO-1 from the intercellular junctions into the intracellular compartments in a time-dependent manner ( Figure 2 ). E-cadherin and b-catenin were co-localized at the intercellular junctions in control cell monolayers, and hydrogen peroxide induced a redistribution of both E-cadherin and b-catenin from the intercellular junctions in a timedependent manner ( Figure 3 ).
MLCK Activity Mediates Hydrogen Peroxide-Induced Tight Junction Disruption and Barrier Dysfunction
MLCK is well known to have a role in tight junction regulation in the intestinal 19 and lung 20 epithelial monolayers. Studies were therefore designed to determine the effect of hydrogen peroxide on MLCK activation and the effect of ML-7, an MLCK-selective inhibitor, on tight junction disruption. Pretreatment of cell monolayers with ML-7 significantly attenuated hydrogen peroxide-induced decrease in TER ( Figure 4b ) and increase in inulin permeability (Figure 4c ). ML-7 also attenuated hydrogen peroxide-induced redistribution of occludin and ZO-1 from the intercellular junctions into the intracellular compartments ( Figure 4d ). ML-7 by itself did not influence TER, inulin flux or junctional distribution of occludin and ZO-1.
Hydrogen Peroxide-Induced Disruption of Tight Junctions is Mediated by Src Kinase Activity
Our previous studies demonstrated that tyrosine kinases, especially c-Src, have an important role in tight junction regulation in the intestinal epithelium. We, therefore, evaluated the role of tyrosine kinase activity in hydrogen peroxide-induced tight junction disruption in NRC-1 cell monolayers. Hydrogen peroxide rapidly increased the level of c-Src(pY418) (Figure 5a ), indicating an activation of c-Src in NRC-1 cell monolayers. Pretreatment of cell monolayers with genistein (a broad range tyrosine kinase inhibitor) or PP2 (a Src kinase inhibitor) significantly attenuated hydrogen peroxide-induced decrease in TER ( Figure 5b ) and increase in inulin permeability (Figure 5c ). PP2 also attenuated hydrogen peroxide-induced redistribution of occludin and ZO-1 from the intercellular junctions ( Figure 5d ). Genistein or PP2 under the concentrations used, did not influence TER, inulin permeability or junctional distribution of occludin and ZO-1.
Hydrogen Peroxide-Induced Activation of MLCK and c-Src are Independent of Each Other To investigate the interdependency of MLCK activation and c-Src activation, we determined the effect of ML-7 and PP2 on MLCK and c-Src activation. Pretreatment of cell monolayers with ML-7 attenuated hydrogen peroxide-induced increase in p-MLC levels ( Figure 6 ), but p-MLC levels were unaffected by PP2. Similarly, hydrogen peroxide-induced increase in the levels of c-Src(pY418) was attenuated by PP2, but not by ML-7 ( Figure 6 ). These results indicate independent activation of MLCK and c-Src by hydrogen peroxide.
Hydrogen Peroxide Induces Reorganization of Actin Cytoskeleton by an MLCK and Src Kinase-Dependent Mechanism
The tight junction protein complex is known to intimately associate with the actomyosin ring, and disruption of actin cytoskeleton leads to disruption of tight junctions. [21] [22] [23] In the control cell monolayers, actin is organized distinctly at the (Figure 7) . At the apical part, actin stains appear as uniformly distributed punctuates.
In the middle part of the cell, the F-actin filaments appear to be organized as a ring at the perijunctional region. Network of weak stress fibers were seen at the basal part of the cell. Treatment with hydrogen peroxide resulted in a dramatic disorganization of F-actin arrangements at all three levels of the cell (Figure 7 ). Pretreatment of cell monolayers with ML-7 or PP2 preserved the normal organization of the actin cytoskeleton in hydrogen peroxidetreated cells.
EGF Ameliorates Hydrogen Peroxide-Induced Tight Junction Disruption in NRC-1 Cell Monolayers EGF, a gastrointestinal mucosal protective factor, has been extensively investigated for its mucosal protective role in the gastrointestinal mucosa. 24 But, there is no information available on the potential protective role of EGF in the bile ducts. We investigated the effect of EGF on hydrogen peroxide-induced tight junction disruption in NRC-1 cell monolayers. Pretreatment of cell monolayers with EGF for 10 min before hydrogen peroxide administration significantly attenuated hydrogen peroxide-induced decrease in TER ( Figure 8a ) and increase in inulin permeability (Figure 8b ). EGF also attenuated hydrogen peroxide-induced redistribution of occludin and ZO-1 from the intercellular junctions (Figure 8c ). EGF by itself did not cause significant change in TER, inulin flux or junctional distribution of occludin and ZO-1. The effect of EGF on hydrogen peroxide-induced tight junctions was significantly attenuated by pretreatment of cell monolayers with 0.3 mM AG1478, a selective inhibitor of EGF receptor tyrosine kinase (data not shown).
Figure 2
Hydrogen peroxide disrupts tight junctions. NRC-1 cell monolayers were incubated with or without hydrogen peroxide (500 mM) for varying times. Cell monolayers were fixed and stained for occludin and ZO-1 by immunofluorescence method. Fluorescence images were collected using a confocal microscope.
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EGF Attenuates Hydrogen Peroxide-Induced c-Src Activation and Tyrosine Phosphorylation of Tight Junction and Adherens Junction Proteins
Previous studies showed that the integrity of tight junctions and adherens junctions is regulated by Src-mediated tyrosine phosphorylation of tight junction and adherens junction proteins. 25, 26 The present study shows that EGF pretreatment attenuates hydrogen peroxide-induced increase in the level of c-Src(pY418) in NRC-1 cell monolayers (Figure 9a ). Hydrogen peroxide treatment increased the levels of tyrosine phosphorylated ZO-1, E-cadherin, b-catenin and claudin-3 (Figure 9b ). EGF pretreatment reduced Tyr-phosphorylation of these proteins in hydrogen peroxide-treated cells. Tyrphosphorylated occludin levels were high in both untreated and hydrogen peroxide-treated cell monolayers (Figure 9b ). EGF treatment reduced the levels of tyrosine phosphorylated occludin in both untreated and hydrogen peroxide-treated cell monolayers.
PLCc and PKC Activities are Involved in EGF-Mediated Protection of Tight Junctions
One of the major intracellular signaling pathways activated by EGF is PLCg-mediated PKC activation as shown in Caco-2 cell monolayers. 27 In the present study, we investigated the role of PLCg and PKC in EGF-mediated tight junction protection in NRC-1 cell monolayers. Pretreatment of cell monolayers with ET-18-OCH 3 , a PLCg-selective Figure 3 Hydrogen peroxide disrupts adherens junctions. NRC-1 cell monolayers were incubated with or without hydrogen peroxide (500 mM) for varying times. Cell monolayers were fixed and stained for E-cadherin and b-catenin by immunofluorescence method. Fluorescence images were collected using a confocal microscope.
Tight junctions of bile duct epithelium SR Guntaka et al inhibitor significantly attenuated EGF-mediated prevention of hydrogen peroxide-induced decrease in TER ( Figure 10a ) and increase in inulin permeability (Figure 10b ). ET-18-OCH 3 also prevented EGF-mediated attenuation of hydrogen peroxide-induced redistribution of occludin and ZO-1 from the intercellular junctions (Figure 10c) . Similarly, Ro-32-0432, a PKC-selective inhibitor, prevented EGF-mediated attenuation of hydrogen peroxide-induced decrease in TER, increase in inulin permeability and redistribution of occludin and ZO-1 from the intercellular junctions. ET-18-OCH 3 or Ro-32-0432 by themselves produced no significant influence on TER, inulin flux or junctional distribution of occludin and ZO-1 in control and hydrogen peroxide-treated cell monolayers.
EGF Prevents Hydrogen Peroxide-Induced Barrier Dysfunction in Mz-ChA-1 Cell Monolayers
Mz-ChA-1 cell is a human bile duct epithelial cell line that forms a polarized cholangiocyte monolayer when grown in culture. The barrier function of this cholangiocyte monolayer is weak compared with that of NRC-1 cell monolayers. However, treatment of Mz-ChA-1 cell monolayers with hydrogen peroxide significantly decreased TER ( Figure 11a ) and increased inulin permeability (Figure 11b ). This effect of hydrogen peroxide was attenuated by pretreatment of cell monolayers with ML-7 or PP2. The hydrogen peroxideinduced effect on TER and inulin flux was attenuated by the pretreatment of cells with EGF. This effect of EGF was prevented by ET-18-OCH 3 or Ro-32-0432 ( Figure 11 ).
DISCUSSION
Although evidence indicates that oxidative stress is associated with the bile duct-associated pathology of liver, 10,28,29 the mechanism of oxidative stress-induced bile duct injury is unclear. In the present study, using a primary cell line of rat bile duct epithelium and a human cholangiocarcinoma cell line, we show that oxidative stress induced by hydrogen peroxide results in compromised epithelial barrier function.
The barrier function of bile duct epithelium is vital to the liver health as it prevents the diffusion of toxic bile components into liver parenchyma, thus protecting the hepatocytes and other cells from bile acid-induced injury. Disruption of barrier function and bile acid-induced hepatocyte injury has a crucial role in the pathogenesis of liver disease. Tight junctions of bile duct epithelium SR Guntaka et al Furthermore, the factors that prevent oxidative stressinduced barrier function of bile duct epithelium is crucial to our understanding of the regulation of bile duct epithelial barrier function. The present study shows that EGF, a gastrointestinal mucosal protective factor, prevents hydrogen peroxide-induced tight junction disruption and barrier dysfunction. Decrease in TER and increase in inulin permeability without altering cell viability show that hydrogen peroxide causes increase in paracellular permeability in the bile duct epithelium. Redistribution of tight junction proteins, occludin and ZO-1, from the intercellular junctions into the intracellular compartments indicated that hydrogen peroxide-induced barrier dysfunction was caused by the disruption of tight junctions. Occludin and ZO-1 are the most widely characterized tight junction proteins. Organization of these proteins involves an interaction of ZO-1 with the intracellular, C-terminal domain of occludin. 30 Redistribution of these proteins from the intercellular junctions into the intracellular compartment in hydrogen peroxide-treated cholangiocyte monolayer is a clear indication of disrupted tight junctions. The hydrogen peroxide concentration used in this study is similar to those (400-1000mM) used in previous experiments in other laboratories. 31, 32 Accurate measurement of hydrogen peroxide concentration in vivo is difficult due to high reactivity of this molecule and spatial differences in hydrogen peroxide at subcellular levels. Evidence indicates that very high level of hydrogen peroxide is detected in neutrophil-nonphagocytosable surface contact points, which is not accessible to catalase. 33 Co-localization of E-cadherin and b-catenin at the intercellular junctions in NRC-1 cell monolayers indicated that cholangiocytes do form adherens junctions. Very little is known about the adherens junctions in bile duct epithelium. Distribution of E-cadherin and b-catenin at the junctions of NRC-1 cell monolayers appeared diffuse unlike much more discrete organization of these proteins in other epithelial cells. 34 This is consistent with the flat and wide morphologic appearance of cholangiocytes. Incubation with hydrogen peroxide induced a redistribution of both E-cadherin and b-catenin from the intercellular junctions, indicating that hydrogen peroxide also disrupts adherens junctions. Previous studies have shown that disruption of adherens junctions leads to disruption of tight junctions. 35 Therefore, it is likely that adherens junction disruption has a role in facilitating tight junction disruption in bile duct epithelium.
Activation of MLCK is known to cause disruption of tight junctions and increased paracellular permeability in the intestinal and lung epithelia. 20, 36 MLCK activation in bile duct epithelium and its influence on tight junction permeability is unknown. A rapid increase in the levels of p-MLC indicates that hydrogen peroxide activates MLCK. Attenuation of hydrogen peroxide-induced tight junction disruption and barrier dysfunction by ML-7 indicated that MLCK is involved in hydrogen peroxide-induced tight junction disruption in NRC-1 cell monolayers. This is the first report of MLCK activation in a bile duct epithelium and its influence on the integrity of tight junctions and barrier function.
Our previous studies showed that c-Src has a crucial role in the regulation of tight junction integrity in the intestinal epithelium. 37 The present study shows that Src kinase activity is also involved in hydrogen peroxide-induced tight junction disruption in NRC-1 cell monolayers. Rapid increase in the level of c-Src(pY418) indicated that hydrogen peroxide activates c-Src in NRC-1 cells, and attenuation of tight junction disruption and barrier dysfunction by PP2 demonstrates that Src kinase activity is involved in the mechanism of hydrogen peroxide-induced tight junction disruption and barrier dysfunction. The present study also indicates that hydrogen peroxide-induced activations of MLCK and c-Src are independent of each other. Hydrogen peroxide-induced Figure 7 Hydrogen peroxide induces reorganization of actin cytoskeleton by an MLCK and Src kinase-dependent mechanism. NRC-1 cell monolayers were pretreated with or without ML-7 or PP2 for 30 min before incubation with hydrogen peroxide (500 mM) for 90 min. F-actin in paraformaldehyde-fixed cell monolayers was stained with AlexaFlour-488-phalloidin. Fluorescence images from 1 mm optical sections were collected using a confocal microscope. Images from 1 mm section of apical end (Apical), mid cell (Middle) and basal end (Basal) are presented.
Tight junctions of bile duct epithelium SR Guntaka et al increase in p-MLC was attenuated by ML-7, but unaffected by PP2. On the other hand, hydrogen peroxide-induced increase in c-Src(pY418) was attenuated by PP2, but not by ML-7. Therefore, hydrogen peroxide activates multiple signaling pathways with multiple targets that in concert may affect the integrity of tight junctions. Although actin cytoskeleton seems to have an important role in the regulation of cholangiocyte functions, 38, 39 very little is known about the organization of actin cytoskeleton in bile duct epithelium. The present study shows that actin cytoskeleton in NRC-1 cell monolayers is organized into apical microvillar bundles, middle cortical network and basal network of stress fibers. Interestingly, hydrogen peroxide treatment resulted in a dramatic loss of actin organizations at all three levels. Attenuation of hydrogen peroxide-induced actin reorganization by ML-7 and PP2 indicated the roles of both MLCK and Src kinase activities in disruption of actin cytoskeleton. It is not clear how these activities are involved in the disruption of actin cytoskeleton. Modulation of actomyosin ring structure and tyrosine phosphorylation of actinbinding proteins are likely mechanisms.
It is well established that EGF protects the gastrointestinal mucosa from a variety of insults. 24 EGF was shown to have a role in liver regeneration and hepatocellular carcinoma as a potent mitogen. [40] [41] [42] EGF effect in bile duct epithelium, however, is unknown. The present study, for the first time, demonstrates that EGF has a protective role in normal cholangiocytes. EGF attenuated hydrogen peroxide-induced disruption of tight junctions and barrier dysfunction. EGF is predominantly produced in salivary glands and kidney and is released into the gastrointestinal lumen and renal tubules. A significant body of evidence indicates that EGF is also released into circulation, and liver is the principal organ that clears the plasma EGF including its biliary secretion EGF. 43 Therefore, EGF receptor activation in the bile duct epithelium is likely to influence the bile duct function under physiologic and pathophysiologic conditions.
The present study shows that one of the mechanisms by which EGF protects tight junctions in NRC-1 cell monolayers involves suppression of hydrogen peroxide-induced c-Src Our previous studies showed that c-Src-induced Tyr-phosphorylation of occludin on specific tyrosine residues results in loss of its interaction with ZO-1 and weakening of tight junction integrity. 25 Similarly, c-Src-induced Tyr-phosphorylation of b-catenin result in loss of adherens junction integrity. 26 The potential role of Src kinase activity in hydrogen peroxide-induced tight junction disruption raised the question whether H 2 O 2 increased tyrosine phosphorylation of tight junction and adherens junction proteins in NRC-1 cell monolayers. Results indicate that hydrogen peroxide treatment increased the levels of tyrosine phosphorylated E-cadherin and b-catenin, suggesting a potential loss of interaction between E-cadherin and b-catenin in hydrogen peroxide-treated cell monolayers.
Occludin was found to be highly tyrosine phosphorylated in both untreated and hydrogen peroxide-treated cell monolayers. But, Tyr-phosphorylation of ZO-1 and claudin-3 was increased by hydrogen peroxide. Although ZO-1 was previously shown to undergo tyrosine phosphorylation during the tight junction disruption in Caco-2 cell monolayers, the function of ZO-1 phosphorylation in the mechanism of tight junction disruption is unclear. EGF treatment reduced the levels of tyrosine phosphorylated E-cadherin, b-catenin, ZO-1 and claudin-3, which is likely one of the mechanisms associated with EGF-mediated protection of tight junctions from hydrogen peroxide in NRC-1 cell monolayers. Although high levels of tyrosine phosphorylated occludin were equally high in both untreated and hydrogen peroxide-treated cell monolayers, EGF treatment caused a reduction of occludin phosphorylation in both untreated and hydrogen peroxidetreated cell monolayers. In general, tyrosine phosphorylation of tight junction and adherens junction proteins is high in hydrogen peroxide-treated cell monolayers, while EGF attenuates such protein tyrosine phosphorylation.
The mechanism of EGF-mediated protection of epithelial integrity is known to involve activation of several intracellular signaling pathways. One such mechanism is activation of PLCg and PLCg-mediated activation of PKC. Our recent study showed that EGF rapidly activates PLCg and PKC in Caco-2 cell monolayers. 27 Attenuation of EGFmediated protection of tight junctions from hydrogen peroxide by ET-18-OCH 3 and Ro-32-0432 indicated that PLCg and PKC activities are involved in EGF-mediated protection of tight junctions in NRC-1 cell monolayers. We further examined the effect of hydrogen peroxide and EGF on barrier function in Mz-ChA-1 cell monolayers. Mz-ChA-1 cell is a human cholangiocarcinoma cell line that grows in culture to form a differentiated monolayer of cholangiocytes. Although this cell monolayer is relatively leaky compared with NRC-1 cell monolayers, hydrogen peroxide treatment significantly disrupted the barrier function (decrease in TER and increase in inulin permeability). MLCK and Src kinase inhibitors attenuated this effect of hydrogen peroxide. EGF prevented hydrogen peroxide-induced barrier dysfunction, which was attenuated by PLCg and PKC inhibitors. These results demonstrate that the phenomenon of hydrogen peroxide and EGF effects on barrier function is likely to exist in all types of bile duct epithelia, and not confined to a single cell line.
In conclusion, oxidative stress induced by hydrogen peroxide disrupts tight junctions and adherens junctions, and induces barrier dysfunction in bile duct epithelium by an MLCK and Src kinase-dependent mechanism. Furthermore, EGF ameliorates hydrogen peroxide-induced tight junction disruption in bile duct epithelium by a PLCg and PKC-dependent mechanism.
